We examined genetic variability and spatial heterogeneity of a class-II locus of the major histocompatibility complex (MHC) for 7 populations of white-tailed deer (Odocoileus virginianus) from Iowa, New York, Oklahoma, and Tennessee. Although white-tailed deer east of the Mississippi River have experienced drastic population reduction, all populations exhibited high levels of allelic diversity and all but 2 pairwise comparisons exhibited evidence of significant population divergence. These results suggest that previous bottlenecks have not drastically reduced Mhc-DRB allelic diversity in white-tailed deer.
Major histocompatibility complex (MHC) is central to immune responsiveness and contains some of the most polymorphic functional loci in vertebrates (Finch and Rose 1995; Hedrick 1994; Klein 1986 ). Mechanisms proposed most frequently for maintenance of MHC polymorphism include overdominance (i.e., heterozygote advantage: Hughes and Nei 1989) , pathogenmediated selection (Klein and O'Huigin 1994) , maternal-fetal interactions (Hedrick 1988; Hedrick and Thomson 1988) , and mate selection (Ditchkoff et al. 2001; Hedrick 1994; Potts et al. 1994; von Schantz et al. 1996) . Although it has been assumed that individuals heterozygous at MHC loci have higher average fitness and that populations with high MHC allelic diversity have better long-term survival prospects, these assumptions have yet to be demonstrated unambiguously in natural populations (Potts and Slev 1995; Wenink et al. 1998) . Much of the difficulty in evaluating the significance of MHC variation is that interactions among microrecombination, * Correspondent: ravdb@okstate.edu parasite-mediated selection, mate preference, and environment are extremely complex, difficult to evaluate, and controversial (Edwards and Hedrick 1998) . Additionally, a few natural populations have been examined for genetic variation at any MHC locus. As a result, there is uncertainty as to what constitutes normal levels of MHC variation. In fact, there has been much dispute as to what is normal, as observations of low variation at MHC loci in natural populations were interpreted as indicating an increased vulnerability to infectious diseases (May 1995; O'Brien et al. 1985) . Hughes (1991) likewise met with considerable opposition (Edwards and Potts 1996; Vrijenhoek and Leberg 1991) when he suggested that variation at MHC loci is so critical to the health of populations that conservation and management practices should focus solely on maintaining variation at these loci.
Van Den Bussche et al. (1999) and Ditchkoff et al. (2001) recently assessed factors responsible for maintaining variation at the class-II DRB locus in a population of white-tailed deer (Odocoileus virginianus) from southeastern Oklahoma. Initial study of 136 deer (Van Den Bussche et al. 1999) revealed 15 alleles in 2 distinct lineages, both lineages also having alleles from red deer (Cervus elaphus). As white-tailed deer live in herds and often experience high exposure to pathogens, balancing selection driven by host-parasite interactions appeared to be a plausible explanation for maintaining MHC allelic diversity in this taxon. This hypothesis was supported in a subsequent study (Ditchkoff et al. 2001 ) that included an analysis of secondary sexual characteristics and abundance of ectoparasites on the same white-tailed deer.
In this study, we examined the partitioning of genetic variation at Mhc-DRB locus within and among 7 local populations of white-tailed deer at 4 widely distributed regions in its range. Our goal was to ascertain levels of intra-and interpopulation Mhc-DRB allelic diversity in white-tailed deer and to compare our results with similar studies of this locus in other artiodactyls. Such comparative studies are necessary to better our understanding of levels of MHC variation in natural populations and to begin an evaluation of the significance of genetic variation at MHC loci.
MATERIALS AND METHODS
Tissue samples of 126 hunter-harvested white-tailed deer were collected from 6 localities: Iowa, Dallas County (n ϭ 11); Tennessee, Hatchie National Wildlife Refuge (n ϭ 30); Tennessee, Chuck Swan Wildlife Management Area (n ϭ 21); Tennessee, Cheatham National Wildlife Refuge (n ϭ 18); and 2 populations from the Adirondack mountains in New York, Naples Biological Reserve (n ϭ 21) and Huntington National Forest (n ϭ 25). The Oklahoma population studied by Van Den Bussche et al. (1999) and Ditchkoff et al. (2001) was in southeastern Oklahoma at McAlester Army Ammunition Plant (n ϭ 136).
Genomic DNA was isolated from frozen liver or muscle tissue following the protocol of Longmire et al. (1997) , and amplification of the 2nd exon of Mhc-DRB was accomplished via the polymerase chain reaction (PCR) using primers LA31, 5Ј-GATGGATCCTCTCTCTGCAGCAC ATTTCCT-3Ј, and LA32, 5Ј-CTTGAATTCGC GTCACCTCGCCGCTG-3Ј (Mikko and Andersson 1995; Sigurdardottir et al. 1991) . These primers flank the peptide-binding region and produce a product 300 base pairs in length. PCR was performed using approximately 400 ng DNA in a final reaction volume of 50 l consisting of 1 unit of Taq DNA polymerase (Promega, Madison, Wisconsin), 0.5 M of each primer, 0.07 mM deoxynucleotides, 1.0 Ci ␣ 32 P-dCTP, and 2.0 mM MgCl 2 . The thermal profile consisted of 35 cycles of 95ЊC for 60 s, 50ЊC for 30 s, and 72ЊC for 60 s, followed by 72ЊC for 30 min and was conducted using a Perkin-Elmer GeneAmp PCR System 9600. Following amplification, all individuals were genotyped via single-strand conformation polymorphism analysis (Orita et al. 1989a (Orita et al. , 1989b . PCR products were denatured by heating and immediately placed on ice, loaded onto 5% nondenaturing acrylamide gels (acrylamide : bisacrylamide ϭ 49:1) containing 10% glycerol, and electrophoresed at 300 V for 24 h with a fan blowing on the gel. Following electrophoresis, acrylamide gels were transferred onto paper, dried, and exposed to autoradiographic film.
Fifteen alleles (Odvi-DRB*01-*15) detected in white-tailed deer by Van Den Bussche et al. (1999) were run on each gel to aid in genotyping. Unique conformations detected in this study were cloned using the pGEM-T cloning system (Promega) for subsequent sequence analysis. For each cloned allele, single-strand conformation polymorphism analysis was performed on PCR products of several recombinant clones using reaction conditions and thermal profile, as described earlier. PCR products from cloned inserts were electrophoresed alongside the individual from which these products were cloned. This approach allowed verification of recombinant clones containing correct allele with no PCRinduced error. PCR products from each unique allele were cleaned using the Wizard PCR Prep DNA Purification System (Promega) and sequenced in both directions using a Perkin-Elmer Applied Biosystems 377 automated sequencer. Following identification and verification of a unique allele, it was run on all subsequent single-strand comformation polymorphism gels. Nomenclature of white-tailed deer Mhc-DRB al-leles follows Klein et al. (1990) and Van Den Bussche et al. (1999) .
To examine phylogenetic affinities of new Odvi-DRB alleles detected in this study, a neighbor-joining phylogenetic tree (Saitou and Nei 1987) was constructed utilizing 62 cervid DRB alleles and 4 bovid DQB alleles examined by Van Den Bussche et al. (1999) . The resulting neighbor-joining tree was based on corrected distance values (Kimura 1980) under the minimum evolution criterion (Nei 1991; Saitou 1991) . Following the recommendation of Swofford et al. (1996) , the single neighbor-joining tree was used as the starting tree for a more thorough search using tree bisection-reconstruction branch swapping and minimum evolution options in the software PAUP* 4.02b (Swofford 1999) .
We estimated allele frequencies, analyzed gene diversity (H e -Nei 1987), deviations from Hardy-Weinberg expectations (Guo and Thompson 1992) , population differentiation (F-statistics: Nei 1977 Nei , 1978 Wright 1951) , and analysis of molecular variance (AMOVA- Excoffier et al. 1992 ) using the software Arlequin Version 2.0 (Schneider et al. 1999) . Gene diversity is a within-population measure of genetic diversity that ranges from 0.0 when only a few alleles predominate to 1.0 when the distribution of alleles is uniform among individuals, whereas nucleotide diversity is based on both allele frequencies and sequence divergence among alleles. We compared allelic and genotypic frequencies among populations through estimation of exact tests utilizing a Markov chain approach with the software Genepop (Raymond and Rousset 1995) on the World Wide Web (http:// wbiomed.curtin.edu.au/genepop/index.html). Significance levels for all pairwise comparisons were adjusted for multiple tests to give a Type-I error Ͻ 0.05 (Rice 1989) .
RESULTS
Three new alleles (Odvi-DRB*16, Odvi-DRB*17, Odvi-DRB*18) were detected among the 6 new populations of whitetailed deer. These alleles are variants of the 2 major Odvi-DRB allelic lineages detected by Van Den Bussche et al. (1999) , with allele Odvi-DRB*17 in 1 clade and Odvi-DRB*16 and Odvi-DRB*18 in the other (Fig. 1) . Sequences for new Odvi-DRB alleles have been deposited in GenBank (accession numbers AF407169-AF407171).
The number of alleles detected within populations ranged from 8 to 15, with a mean of 11.6 (Table 1) . Three alleles (Odvi-DRB*07, Odvi-DRB*08, and Odvi-DRB*14) were present in all populations, whereas alleles Odvi-DRB*13 and Odvi-DRB*18 were unique to populations from Oklahoma and Huntington National Forest in New York, respectively. Both gene diversity (range, 0.674-0.915) and within-population nucleotide diversity (range, 0.062-0.117) were relatively high ( Table 1 ), indicating that each population is characterized by a high number of alleles that are considerably divergent from each other. Because of the relatively high degree of variation within populations, differences in composition and distribution of alleles among most populations were significant and all populations had heterozygote deficiencies (Table 1 ) and significant deviations from Hardy-Weinberg expectations.
There was significant genetic divergence among populations, with 11.5% of the variation partitioned among populations and 88.5% within populations, as indicated by AMOVA. All pairwise F ST comparisons were high and most were significantly different from 0.00 (Table 2 ). The exception was the comparison of populations from Iowa and New York (Naples Biological Reserve). The most divergent populations were those from western Tennessee (Hatchie National Wildlife Refuge) and Huntington National Forest, New York (Table 2) .
DISCUSSION
Previous investigators, using both nuclear (Mathews and Porter 1993) and mitochondrial DNA (Purdue et al. 2000) concluded that populations of white-tailed deer are structured on the basis of matrilineal lines. Thus, it seems likely that the consistent pattern of heterozygote deficiencies we observed for Mhc-DRB probably reflect Wahlund effects (Hartl and Clark 1989) sulting from population samples comprising multiple social groups. Our results agree with the pattern that MHC loci often exhibit high gene diversity with many alleles at relatively equivalent frequencies (Klein 1990 ). Our estimates of nucleotide diversity further indicate that sequence divergence among alleles is an important component of Mhc-DRB diversity within white-tailed deer (Table 1 ). The number of alleles (18 Odvi-DRB alleles) detected in white-tailed deer from 7 localities is similar to the 13 alleles detected in 4 populations of African buffalo (Syncerus caffer caffer- Wenink et al. 1998) . In contrast, only 10 Mhc-DRB alleles with low levels of sequence diversity (Fig. 1) were detected among 49 moose from Canada and Sweden, a result that may reflect an ancient population bottleneck (Mikko and Andersson 1995) . White-tailed deer and African buffalo survived historic population bottlenecks (Ellsworth et al. 1994; Leberg et al. 1994; Mathews and Porter 1993; Sheffield et al. 1985; Wenink et al. 1998 ), yet these species have retained considerably more Mhc-DRB allelic diversity than that present in Canadian and Swedish moose (Fig. 1) . Moreover, although white-tailed deer in the Adirondack mountains continually experience localized, periodic reductions as a result of severe winters, these populations still maintain higher Mhc-DRB allelic diversity than detected in moose (Mathews and Porter 1993- Table 1 ; Fig. 1 ).
Alternative explanations for the differences in Mhc-DRB allelic diversity detected among African buffalo, moose, and white-tailed deer may be related to either their life style (Van Den Bussche et al. 1999; Wills and Green 1995) or environment or both (Lochmiller 1996; Trowsdale et al. 1989; States 1986a, 1986b) . Among African buffalo, moose, red deer, and white-tailed deer, moose is the only taxon having both a solitary life style and low Mhc-DRB allelic diversity. Host populations comprising solitary individuals may not require high levels of MHC diversity to combat the spread of pathogens (Wills and Green 1995) . Moreover, moose occur in cold, northern climates, whereas white-tailed deer are broadly distributed extending from southern Canada through Central America to northern South America (Nowak 1999) . African buffalo also are broadly distributed throughout most of Africa (Nowak 1999) . Broadly distributed taxa may be exposed to a greater variety of pathogens resulting in greater MHC allelic diversity. Therefore, moose may typically have lower levels of MHC allelic diversity because of their homogeneous environment harboring fewer pathogens and their solitary life style. Allozyme and mitochondrial DNA analyses document significant genetic differentiation among populations of white-tailed deer on both macro-and microgeographic scales (Ellsworth et al. 1994; Kennedy et al. 1987; Leberg et al. 1994; Mathews and Porter 1993; Purdue et al. 2000) . It is there-fore not surprising that significant Mhc-DRB allelic differentiation was detected in this study. Eighty-nine percentage of the Mhc-DRB variation was attributable to within-population variation, whereas only 11.5% was attributable to differences among populations. Although many pairwise comparisons of F ST -values revealed significant genetic differentiation, no relationship between genetic and geographic distance could be detected in this study (Table 2). For example, genetic composition of the Oklahoma population of white-tailed deer was significantly different from all other populations sampled (except the population from Iowa). Additionally, genetic composition of the population from Hatchie National Wildlife Refuge in Tennessee was significantly different from 2 other Tennessee populations and from Huntington National Forest in New York, but not from the population sampled from Naples Biological Reserve, New York (Table 2) . Although the significance of these patterns of Mhc-DRB genetic differentiation are unclear at this time, it is interesting to note that other studies on genetic variation among populations of white-tailed deer also failed to detect significant associations between genetic and geographic distance (Leberg et al. 1994) .
Because so much is known about biology, physiology, nutrition, and reproduction of white-tailed deer, studies on MHC variability within and among populations of white-tailed deer will be of considerable interest in the future. A better understanding of MHC evolution in a species such as white-tailed deer could provide an insight into the effectiveness of different management practices. White-tailed deer are hunted throughout most of North America, with the greatest hunting pressure on the largest males. If secondary sexual characteristics in males are positively correlated with variation at MHC loci, as has been demonstrated for white-tailed deer from southeastern Oklahoma (Ditchkoff et al. 2001 ) and for ring-necked pheasants (von Schantz et al. 1996) , then such hunting practices may be detrimental to the overall health of the population. Alternatively, if antlers are an honest signal of genetic quality (Ditchkoff et al. 2001) , then males with larger antlers may be disproportionately successful in reproduction, and high hunting pressure may not significantly affect the genetic composition of the population. Our results indicate that levels of Mhc-DRB variability within and among populations of white-tailed deer are sufficient to allow examination of the effects of management practices and environmental and anthropogenic perturbations on genetic structure at this locus. Such assessments should, in turn, provide an insight into the factors responsible for maintaining MHC variation in natural populations.
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